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Residual stresses are inherent in parts manufactured using the wire + arc additive manufacturing (WAAM)
technique, resulting in unpredictable mechanical response and structural integrity (Colegrove et al.: J
Mater Process Technol 213:1782-1791, 2013). An effective post-processing technique, which enhances the
mechanical properties of WAAM parts, is rolling. This study investigates the vertical and pinch rolling
effects on residual stress distribution in WAAM components. Initially, a WAAM model was created using a
thermo-mechanical finite element modelling approach and validated against the experimental results.
Subsequent to the validation of the model, the effect of the main parameters involved in vertical and pinch
rolling processes, namely the rolling depth, the curvature depth of the roller, the roller shape, transversal
displacement, rolling direction and roller thickness, was investigated. The results from this study show that
the residual stress profile in the vertical rolling process applied on a WAAM wall can be enhanced by
increasing the rolling depth and curvature depth of the roller. Moreover, it is shown that in the pinch rolling
process, the residual stress profile is sensitive to the rolling direction and more compressive residual stresses
can be induced into the wall by applying fewer passes of rolling using thicker rollers.
Keywords additive manufacturing, life enhancement, residual
stress, rolling
1. Introduction
Additive manufacturing (AM) of large-scale functionally
graded components requires an insight into the complicated
microstructural features of these parts (Ref 1). Wire + arc
additive manufacturing (WAAM) is by far the most efficient
AM process with a relatively higher deposition rate (1-4 kg/h),
compared to other AM techniques, which enables the manu-
facturing of large parts up to several metres (Ref 2, 3). This
manufacturing process incorporates either gas metal arc
welding (GMAW), plasma arc welding or gas tungsten arc
welding techniques for metal deposition (Ref 3). Compared to
its counterpart powder-based AM techniques, such as selective
laser melting (SLM), the WAAM process offers a lower
production cost due to its relatively high deposition rate (Ref
4). A wide range of weldable metals and alloys such as steel
(Ref 5, 6), nickel (Ref 7) and titanium (Ref 8, 9) alloys can be
employed in this technology. WAAM facilitates efficient
manufacturing of Ti alloys such as Ti-6Al-4V alloy, which is
extensively used in the aerospace industry. A substantial
reduction in the buy-to-fly ratio from around 10-20 for a
conventionally machined component to 1 could be achieved
using this process (Ref 10). WAAM incorporates a multi-pass
arc welding process, resulting in the efficient manufacturing of
large-scale parts with acceptable mechanical properties at a
lower production cost (Ref 2).
Despite the numerous advantages of WAAM, the mechan-
ical properties of the final parts display unpredictable mechan-
ical properties due to the process-induced residual stresses and
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changes in the microstructure (Ref 11). Moreover, a complex
thermal stress distribution from the repeated depositioning
process gives rise to high residual distortion and subsequently
crack formation in some cases (Ref 12). Recent studies have
explored various post-processing techniques to enhance the
mechanical properties of WAAM parts, such as shot peening
and high-depth rolling, as well as controlling the build path
(Ref 4). Limited research studies have focused on experimental
and numerical investigations of residual stresses in WAAM
parts. In these limited studies, it has been shown that measuring
residual stresses in WAAM components using experimental
techniques imposes constraints and cost implications (Ref 13).
Numerical simulations, however, facilitate the prediction of
residual stresses across all regions in the WAAM parts. In most
of the simulations, a heat source moves and elements are built
along the travelling direction (Ref 14-17).
Due to the nonlinear material models used in these
simulations, the numerical analysis on WAAM components is
often relatively time-consuming. Very limited research is
available in the literature to examine residual stress optimiza-
tion, reducing tensile damaging and locked-in stresses in
WAAM parts. Although previous studies have proposed
appropriate techniques to reduce residual stresses, it is still
unclear how these stress reduction techniques could be
improved and optimized further. Colegrove et al. (Ref 1)
showed that using a slotted roller shape was more beneficial
compared to the conventional roller used in WAAM parts as it
can protect the created wall from lateral distortion and transfer
the applied load in a more efficient and uniform manner.
However, the effect of other roller shapes (e.g., pinch and
vertical rolling) on the residual stress has not yet been
investigated. Indeed, performing a parametric study on the
influence of rolling on residual stress profiles in additive
manufactured structures by means of finite element modelling
is an efficient and reliable approach to develop a comprehen-
sive understanding of local stress distributions across the entire
volume of the structure.
The main aim of this study is to numerically examine
different roller shapes and geometric parameters effects on
residual stress profiles in the WAAM parts. A three-dimen-
sional (3D) WAAM model has been created in this study to
predict residual stresses in AM parts which have been validated
through comparison with the experimental results presented in
Ref 5. Moreover, various techniques to reduce the tensile
damaging and residual stresses have been reviewed, and
recommendations are provided for residual stress enhancement
in WAAM parts using each of these techniques.
2. Material Specification of the WAAM Wall
The sample bedplate (AKA baseplate) in this study was
made of S355JR rolled structural steel (see Fig. 1), the
chemical composition of which is summarized in Table 1. This
material is widely used in industry, particularly for oil & gas
and offshore wind turbine applications. The chemical compo-
sition of the consumable electrode (Fe balance) is summarized
in Table 2. This material mainly consists of austenite and ferrite
phases, where the former has a negligible influence on the
material properties. Therefore, material phase transformation
modelling is not required to be considered in numerical
simulations.
The welding wire diameter used in the fabrication of the
WAAM wall considered in this study was 1.2 mm, with the
wire feed speed of 10 m/min and the welding torch travel speed
of 8.33 mm/s. The welding process heat input was 269.5 J/mm,
with the waiting time of 400 s between subsequent layers in
order to cool down the deposited layer to below 50 C before
new layers were deposited (Ref 5). A water-cooled aluminium
backing plate was employed to facilitate the cooling process.
3. Finite Element Model Set-up for WAAM Simu-
lation and the Rolling Process
3.1 Thermo-Mechanical Finite Element Modeling
A deposited wall with geometry similar to that of Ref 5 was
built in ABAQUS to study the rolling process (see Fig. 1). To
reduce the computational time, a selected part with a shorter
length, in the X direction, shown in Fig. 2, was modelled. The
cooling plate, modelled as a rigid plane of 200 9 100 mm2
with a mass of 1 kg, was also defined in the finite element
model set-up to prevent the bedplate nodes from moving in the
Z direction during the thermo-mechanical finite element
analysis.
The ‘‘element birth technique’’ (Ref 15, 19) was used to
simulate deposition of the layers in the finite element simula-
tion. In order to do so, all the wall elements were deactivated in
the first step and then activated sequentially by following the
arc movement. Each layer was built in 12 s with a 400 s pause
between depositioning of the consecutive layers. The pause
enabled the sample to cool down to below 100 C before new
Fig. 1 An example of a WAAM sample fabricated using S355JR
steel baseplate
Table 1 Chemical composition of the S355JR baseplate
(in wt.%)
C Mn Si P S N Nb
0.24 1.60 0.55 0.045 0.045 0.009 0.003-0.100
Table 2 Chemical composition of the consumable
electrode (in wt.%)
C Mn Si Cu P S
0.08 1.50 0.92 0.16 £ 0.040 £ 0.035
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layers were deposited. To model the heat flux for the thermal
simulation, the Goldak approach (Ref 20) was employed in the


















































where fr and fr are the fractions of the heat deposited in the front
and rear quadrants, qf is the power density distribution inside
the front ellipsoid (W/m3), qr is the power density distribution
for the rear ellipsoid (W/m3), af is the length of the front
ellipsoid, ar is the length of the rear ellipsoid, b is the length of
the width ellipsoid, and c is the height of the ellipsoid.
Equations 1 and 2 are employed to define the power density
distribution for the front and rear ellipsoids, where x, y and z are
the longitudinal, lateral and normal dimensions, respectively.
The Goldak model incorporates two different ellipsoidal
equations with distinct parameters, the values of which are
summarized in Table 3.
The mechanical and thermal properties of the material
examined in this work were taken from the data available in
Forni et al. (Ref 21). Following the proposed numerical
framework in Ref 5, the convection coefficient and emissivity
in finite element simulation models were assumed to be
independent of the temperature and were set to 5.7 W m2 K1
and 0.2, respectively. A convection coefficient of
300 W m2 K1 (Ref 5) was taken for the cooling system,
which is located under the bedplate. The heat-affected zone
(HAZ) convection appeared to be higher compared to the other
layers, resulting in a curve-shaped geometry in the last layer.
The element size was controlled by the rolling model, as a
significant plastic region was formed under the roller move-
ment, which required mesh refinement for an accurate analysis.
The element size in the wall was required to be less than 1 mm
in X, 0.6 mm in Y and 0.8 mm in the Z direction, based on the
mesh sensitivity results. The best aspect ratio for the element
size was found to be one, which resolved the convergence issue
and gave accurate results. The selected mesh for the wall
consisted of cubic elements, with 180, 5 and 16 elements in the
X, Y and Z directions, respectively (see Fig. 3). The mesh size
was doubled in the X and Z directions in the bedplate to reduce
the computational time for completing these simulations (see
Fig. 3). This change in the element size did not affect the final
results, as the elements in this region were fixed by clamps.
3.2 Validation of the Thermo-Mechanical Model
A comparison between the predicted data obtained from the
model developed in this study and the experimental residual
stress measurement results of Ding et al. (Ref 5) is presented in
Fig. 4. It can be seen in this figure that an abrupt change in the
residual stress profile is observed in the region where the wall
was deposited on the bedplate. It is worth noting that as a result
of thermal input, the stress generated throughout the entire wall
was approximately 500 MPa. The overall observation in Fig. 4
is that a tensile residual stress profile of between around 400
and 550 MPa along the longitudinal direction remains in the
WAAM wall subsequent to deposition of the final layer. As
seen in this figure, the predicted results are in very good
agreement with the experimental data, indicating that the
developed numerical model provides accurate predictions of
residual stresses. The created model also reduced the compu-
tational time by about 90%.
3.3 Numerical Framework for Simulating the Rolling
Process
In order to investigate the effect of roller shapes and
geometric parameters on the induced residual stresses in
WAAM parts, a finite element model has been developed in
ABAQUS to simulate the vertical rolling and pinch rolling
processes that are schematically shown in Fig. 5. The details of
the model set-up are explained below.
Fig. 2 The modelled geometry in finite element analysis. All dimensions are in millimetres
Table 3 Parameters used in the Goldak model (Ref 5,
20)
Q, W ff fr b, mm c, mm af, mm ar, mm
2245.83 0.6 1.4 2.5 3 2 6
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3.3.1 Rolling Process Parameters. A roller radius of
5 cm with a travel speed of 50 cm/min, which is typically used
in the WAAM rolling process, has been considered and
modelled in finite element simulations. In the numerical
analysis, the roller has been defined as a rigid body due to
negligible deformation in the roller compared to the WAAM
wall. The rolling process was applied after the fourth cooling
step. To induce plastic strain due to the rolling process on the
top of the WAAM wall, a curvature at the contact surface was
incorporated to engage with the convex crown (Ref 5). It is
known that the magnitude of the applied load and the geometry
of the roller curvature significantly affect the rolling process.
3.3.2 Vertical Rolling Process. The WAAM parts are
rolled using two types of vertical roller—profiled and slot-
ted—where the former is engaged with the convex crown of the
bedplate, while the latter incorporates an additional deep slot to
restrain the lateral distortion of the wall (see Fig. 6). One
profiled roller (Fig. 6a; type A) and two types of slotted profile
roller (Fig. 6b; type B and Fig. 6c; type C) were modelled in
this study. One slotted roller was created using a curved contact
surface (see Fig. 6b; type B), while the other had a flat surface
contact (see Fig. 6c; type C). According to the procedures
described in the literature, the vertical rolling can be applied
after or before the cooling step and after the deposition of each
layer.
In the vertical rolling process, the rolling depth (RD) is
known to be the most significant parameter, which is controlled
by the amount of force applied on the roller (see Fig. 7). To
investigate the residual stress distribution in numerical simu-
lations, the RD values of 0.1, 0.2, 0.5, 0.75 and 1 mm have
been considered in the analyses.
In the case of the profiled roller, which is schematically
shown in Figs. 6(a) and 8, the curvature half width (CHW) of
the roller was taken as 2.6 mm (see Fig. 8). Moreover, a
transition fillet radius of 0.1 mm between the curvature and the
outer surface was considered in numerical simulations using the
profiled roller. It is worth noting that the CHW parameter
requires to be greater than half of the WAAM wall thickness in
order to enable the roller to engage with the top layer of the
WAAM wall. Five different profiled roller geometries were
modelled to study the effect of the curvature depth (CD)
parameter, ranging from 1 to 2.5 mm, on the induced residual
stress fields. For the CD value of 1 mm, the roller concave
crown was similar to the convex crown of the last deposited
layer in the WAAM wall.
3.3.3 Pinch Rolling Process. According to the previous
studies found in the literature, pinch rolling (see Fig. 5b)
enables the smoothing of the increased surface waviness caused
by vertical rolling (Ref 18). Moreover, this rolling technique is
known to be more efficient and quicker compared to the vertical
rolling technique, due to the fact that the load can be simply
increased without increasing the wall waviness. In this study, a
travel speed of 50 cm/min and a flat contact surface were
assumed and the transversal displacement (TD), lateral direc-
tion (LD) and roller thickness parameters were investigated.
The TD parameter was investigated by building a model for
three roller passes (see Fig. 9) and examination of three types of
rollers with a TD of 3, 3.5 and 4 mm. The thickness, roller radius
andRD in these simulationswere 4, 50 and 0.1 mm, respectively.
It was noted that multiple rolling operations were required when
the roller was thinner than the wall height, resulting in a gap
between passes.
The LD is a rolling process parameter that becomes
particularly crucial when the number of passes is greater than
one. This is known to be due to the bedplate constricting the
wall from the bottom, which influences the residual stress
distribution. Pinch rolling was performed either from top to
Fig. 3 The mesh design in the WAAM simulations
Fig. 4 Longitudinal residual stresses in the designated path before
the unclamping step, obtained from the present study compared with
the experimental results in Ref 5
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bottom or in the opposite direction (see Fig. 9). This was
performed with a TD of 2 mm in both cases. A rolling
thickness of 4 mm with a 0.4-mm fillet at the edges and an RD
of 0.1 mm were used for this simulation.
The roller thickness was also studied by considering three
different thicknesses of 4, 6 and 8 mm. Although larger rollers
cover a wider contact area, therefore speed up the rolling
process, these rollers could not be larger than the wall height, as
this would impede the uniform load transfer on the wall. When
the larger roller was used, a single rolling step was sufficient;
however, two and three rolling operations were needed to cover
a wall height of 8 mm when medium and smaller rollers were
employed in the simulations. The rolling process was applied
from the bottom to top with a TD of 2 mm which was defined
between the rolling passes for the medium and smaller rollers.
3.3.4 Rolling Simulation on the WAAM Wall. The first
step in simulating the rolling process was to transfer the
generated residual stress data from the WAAM simulation to
the rolling model. In the second step, the quasi-static movement
of the roller was modelled. In the third step, all the boundaries
were removed apart from the symmetry boundary condition and
a fixed node was implemented to prevent the rigid body from
having any movement. Finally, the predicted residual stress
profiles were obtained from the mid-length of the simulated
WAAM part (see Fig. 10).
4. Residual Stress Prediction Results and Discus-
sion
Finite element simulations have been performed to predict
vertical and pinch rolling effects on residual stress profiles at
the mid-length of the WAAM built wall (see Fig. 10b), and the
results are presented in this section. The overall observation is
that in all simulations, the amount of tensile residual stress at
the rolled surface is close to the yield stress of the material,
which is consistent with the observations reported in Ref 22.
4.1 Vertical Rolling Process
4.1.1 Rolling Depth Effects on Residual Stresses. The
influence of different RDs on residual stress distributions in the
WAAM wall has been investigated, and the results are shown in
Fig. 11 and 12 for longitudinal stresses (i.e., along the X axis)
and normal stresses (i.e., along the Z axis), respectively. Also
included in these figures are the results from the simulation
without any rolling (i.e., non-rolled). In Fig. 11 and 12 and the
following figures, the residual stress variation is plotted against
the WAAM wall height (i.e., measured from the bottom to the
top of the wall as schematically shown in Fig. 3). As seen in
Fig. 11, the largest magnitude of compressive residual stress in
the longitudinal direction is found at 6 mm wall height when
0.2 mm RD was applied. The results in Fig. 11 show that at this
wall height, the residual stress values for 0.1, 0.2 and 0.5 mm
RDs have been found to be compressive, while tensile values of
residual stresses are predicted for greater RDs. It can be seen in
Fig. 12 that the largest magnitude of compressive residual
stress in the normal direction is found to be at the mid-height of
the wall (i.e., at approximately 4 mm wall height) which
corresponds to the RD of 1 mm. This figure clearly shows that
the magnitude of beneficial compressive residual stress
increases by increasing the RD. The results show that by
applying a larger value of RD, more pressure is induced on the
top layers, which leads to the creation of a larger plastic region
and subsequently a greater penetration depth for compressive
normal stresses in the WAAM wall.
Comparison of the RD effects on the predicted residual
stress profiles shows that by increasing the value of RD from
0.1 to 1 mm, the magnitude of compressive normal stress
increases by 43%. Furthermore, the predicted residual stress
profiles in Fig. 12 show that increasing the RD value increases
the penetration depth of the compressive residual stresses along
the normal direction to the lower layers of the WAAM wall. An
increase in the wall deformation was also observed due to the
larger force applied to the top of the wall. Also, it is seen in
Fig. 12 that the peak tensile residual stress along the normal
direction was decreased by increasing the RD value with
relatively lower stress gradients from tensile to compressive
stress fields. This indicates that increasing the RD enhances the
fatigue life of the WAAM components by inducing a deep
compressive residual stress field in the manufactured part.
Fig. 5 Schematic demonstration of (a) vertical rolling and (b) pinch rolling
Fig. 6 Demonstration of different roller shapes: (a) profiled roller;
type A, (b) curved-slotted roller; type B, and (c) flat-slotted roller;
type C. All dimensions are in (mm)
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4.1.2 Curvature Depth. The influence of different CDs
of 1, 1.5, 2 and 2.5 mm on the induced residual stresses in the
WAAM wall has been investigated, and the results for
longitudinal stresses (i.e., along the X axis) and normal stresses
(i.e., along the Z axis) are shown in Fig. 13 and 14,
respectively. Also included in these figures are the results from
the simulation without any rolling. As seen in both figures, the
CD effect on longitudinal and normal stresses is found to be
insignificant near the contact surface. However, the penetration
depth of compressive stresses increases by increasing the CD,
particularly in normal stress. It is worth noting that a curvature
with a larger depth can effectively restrict the deposition of a
multilayered structure.
The normal stress results in Fig. 14 show that, depending on
the CD, tensile residual stresses of similar magnitudes can be
formed in the wall height of up to around 4 mm. Moreover, the
results show that increasing the CD minimizes the extent of
tensile-damaging residual stresses in the bottom layers of the
WAAM wall. It can be seen in Fig. 14 that rolling with a larger
CD reduces the stress more effectively, exhibiting a semicir-
cular curve which enables transmitting the rolling effects
deeper through the WAAM part. As an example, for only a
1.5 mm change in the CD from 1 to 2.5 mm, the effective
penetration depth of the compressive residual stress is increased
by about 50%. For the same amount of increase in the CD
value, the maximum tensile stress was only changed by
approximately 10 MPa in the bottom layers. For the regions
near to the contact surface, however, the results were almost
unchanged.
In general, the results show that increasing the CD value
leads to an increase in the compressive residual stress
penetration depth in a normal direction (i.e., along the Z axis)
which is desirable as it compensates for the tensile residual
stress created during the WAAM process. This indicates that the
fatigue life of the WAAM, particularly at the top layers, can be
enhanced by increasing the CD during the rolling process.
4.1.3 Profiled and Slotted Rollers. The residual stress
prediction results for different types of roller, shown in Fig. 6,
along longitudinal and normal directions, are presented in
Fig. 15 and 16, respectively. Figure 15 shows that a compar-
atively larger area of compressive residual stress penetration
depth as well as the minimum longitudinal stress of approx-
imately 350 MPa is achieved using roller B, making it the
most effective choice compared to roller types A and C.
Comparing the other two roller types, roller A appears to be
more effective as it exhibits a larger magnitude and penetration
depth for compressive longitudinal stress compared to roller C.
It must be noted that the shape of the roller affects the lateral
deformation in the WAAM part (Ref 23). In the current study,
the lateral deformation was found to be almost entirely
eliminated using rollers B and C, unlike roller Awhich resulted
in significant lateral deformation.
The normal stress results in Fig. 16 show that roller B
induces compressive normal stresses in a deeper proportion of
the deposited layers with the highest magnitude of compressive
Fig. 7 Roller position at the beginning of the process: (a) side view, (b) cross-sectional view
Fig. 8 Key dimensions in the profiled roller geometry
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residual stress compared to the other two roller types, therefore
making it the most effective roller type. Comparing the other
two roller types, it can be observed that the magnitude of tensile
residual stress using roller A is smaller and it appears in a
narrower part of the bottom layers in the WAAM wall,
compared to roller C. This is believed to be due to the flat
contact surface in roller C, which provides a poor contact
surface with the WAAM part. Finally, it is seen in Fig. 16 that
none of the roller types appears to enable eliminating the stress
plunge near the top layer of the wall, suggesting that this
problem can only be solved by altering the RD.
4.2 Pinch Rolling Process
4.2.1 Transversal Displacement. The longitudinal and
normal stress prediction results for pinch rolling simulations
with TD values of 3, 3.5 and 4 mm are presented in Fig. 17 and
18, respectively. Figure 17 shows that a similar trend for
longitudinal stress can be observed for different TD values.
Moreover, this figure shows that compressive stresses are
induced into almost the entire height of the wall with the peak
values observed at the top layer. The effect of variation in TD
Fig. 9 Schematic demonstration of the transversal and lateral direction in the rolling process
Fig. 10 The location of the residual stress profiles extracted from the simulated WAAM part (a) cross-sectional view, (b) 3D view
Fig. 11 Longitudinal stresses in the wall for different rolling depths
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value on the longitudinal residual stress appears to become
negligible in the vicinity of the bedplate, which is due to the
bedplate being constrained at the bottom of the wall.
Although the longitudinal stresses became compressed by
pinch rolling, tensile stresses are formed in the WAAM wall
along the normal direction (see Fig. 18). It can be seen in
Fig. 18 that a smaller TD results in a larger proportion of the
wall face being rolled twice, therefore slightly shifting down
the tensile residual stress profile compared to the roller with the
largest TD value. Pinch rolling results, however, indicate no
abrupt change in the normal residual stresses through the wall
depth. The normal residual stresses appear to be almost the
same near the top of the wall, where no rolling was applied.
Fig. 12 Normal stresses in the wall for different rolling depths
Fig. 13 Longitudinal stresses in the wall for different curvature depths
Fig. 14 Normal stresses in the wall for different curvature depths
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4.2.2 Lateral Direction. The numerical results for inves-
tigating the LD on residual stress profiles are presented in
Fig. 19 and 20 for longitudinal and normal stress directions,
respectively. As seen in Fig. 19, the distribution of longitudinal
residual stresses is shown to be affected by a change in the LD,
which is determined by whether the rolling process was
performed from the bottom to the top of the wall or in the
reverse direction. In both cases, an abrupt increase in the
magnitude of stress is observed in the vicinity of the bedplate.
The ‘‘top to bottom’’ process appears to be more effective, as it
puts a relatively larger proportion of the material under
compression, especially towards the bottom layers of the
WAAM wall. Additionally, a more uniform distribution of
longitudinal residual stresses is achieved in this rolling
approach.
Figure 20 shows that a larger increase in the magnitude of
the tensile normal residual stresses can be observed in the ‘‘top
to bottom’’ case. The results show that the normal residual
stresses start to decrease above a height of 3 mm using this
Fig. 15 Longitudinal stresses in the wall for different roller types
Fig. 16 Normal stresses in the wall for different roller types
Fig. 17 Longitudinal stresses in the wall for different transversal displacements
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process. The results also show that a more uniform distribution
of the residual stresses is achieved using the ‘‘bottom-to-top’’
LD configuration. This was, however, not sufficient to elim-
inate the tensile residual stresses created by the roller. The ‘‘top
to bottom’’ process induces a large amount of normal residual
Fig. 18 Normal stresses in the wall for different transversal displacements
Fig. 19 The effect of lateral direction on longitudinal stresses in the wall
Fig. 20 The effect of lateral direction on normal stresses in the wall
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stresses, which is caused by the bedplate constraining the wall
from the bottom.
4.2.3 Roller Thickness. The numerical results for inves-
tigating the roller thickness effects on residual stress profiles are
presented in Fig. 21 and 22 for longitudinal and normal stress
directions, respectively. As seen in Fig. 21, more uniform stress
distribution and a larger magnitude for the compressive
longitudinal stresses throughout the wall are obtained using
the 8 mm thick roller, which is the thickest roller considered in
this study. One-pass rolling, using the thickest roller, appears to
reduce the longitudinal tensile stresses by approximately
600 MPa. For the small and medium roller thicknesses, the
maximum tensile stresses were created along the edges of the
rollers. For the thickest roller, however, this was not observed,
as the edge of the roller did not have contact with the wall face
due to its thickness being larger than the wall height.
The results in Fig. 22 show that normal residual stresses do
not seem to be affected by the small- and medium-sized roller
thicknesses. Applying the one-pass rolling process using the
8 mm thick roller though introduces a predominantly compres-
sive residual stress profile into the WAAM wall similar to that
observed for longitudinal stresses. Moreover, the wall distortion
appears to be eliminated through the one-pass rolling process,
as it covers the entire wall face evenly.
5. Conclusions
The effects of vertical and pinch rolling processes on
residual stress distribution in a WAAM wall have been
investigated by means of finite element modelling. The model
has been validated through comparison with the experimental
residual stress measurements on the WAAM wall. According to
the results presented in this study, the following conclusions
can be drawn:
1. In the vertical rolling process, increasing the roller depth
and curvature depth increases the beneficial compressive
residual stresses penetration depth in the WAAM wall,
particularly in the normal direction.
2. The curved-slotted roller induces a deeper and larger
magnitude of compressive residual stresses in the WAAM
wall compared to the profiled and flat-slotted rollers.
3. For the pinch rolling process, the results have shown that
transversal displacements introduce dominantly compres-
sive and entirely tensile stresses along the longitudinal
and normal directions, respectively.
Fig. 21 Longitudinal stresses in the wall for different roller thicknesses
Fig. 22 Normal stresses in the wall for different roller thicknesses
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4. The residual stress profile is sensitive to the pinch rolling
direction, and it has been found that less damaging nor-
mal stresses are introduced into the WAAM wall using
the ‘‘bottom-to-top’’ approach.
5. A larger magnitude of compressive residual stress is in-
duced into the wall by applying a single pass using a
thicker roller, compared to multiple passes using thinner
rollers.
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18. J.R. Hönnige, P.A. Colegrove, S. Ganguly, E. Eimer, S. Kabra, and S.
Williams, Control of Residual Stress and Distortion in Aluminium
Wire + Arc Additive Manufacture with Rolling, Addit. Manuf., 2018,
22, p 775–783
19. J. Ding, Thermo-Mechanical Analysis of Wire and Arc Additive
Manufacturing Processes, Cranfield University Library, Bedford, 2012
20. J. Goldak, A. Chakravarti, and M. Bibby, A New Finite Element Model
for Welding Heat Sources, Metall. Trans. B, 1984, 15(2), p 299–305
21. D. Forni, B. Chiaia, and E. Cadoni, Strain Rate Behaviour in Tension
of S355 Steel: Base for Progressive Collapse Analysis, Eng. Struct.,
2016, 119, p 164–173
22. M. Bijak- _Zochowski and P. Marek, Residual Stress in Some Elasto-
Plastic Problems of Rolling Contact with Friction, Int. J. Mech. Sci.,
1987, 39(1), p 15–32
23. F. Martina, M.J. Roy, B.A. Szost, S. Terzi, P.A. Colegrove, S.W.
Williams et al., Residual Stress of As-Deposited and Rolled Wire +
Arc Additive Manufacturing Ti–6Al–4V Components, Mater. Sci.
Technol., 2016, 32(14), p 1439–1448
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affilia-
tions.
2084—Volume 29(4) April 2020 Journal of Materials Engineering and Performance
